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ABSTRACT
We revisit the determination of binary mass ratio in the Galactic microquasar SS433
based on recent GRAVITY VLTI measurements of mass and angular momentum out-
flow through a circumbinary disc. The new observations combined with the constancy
of the binary orbital period over ∼ 30 yrs confirm that the mass ratio in SS433 is
q = Mx/Mv & 0.6. For the assumed optical star mass Mv ranging from ∼ 8 to 15 M
such a mass ratio suggests a low limit of the compact object mass of Mx ∼ 5 − 9M,
placing the compact object in SS433 as a stellar-mass black hole.
Key words: stars: individual: SS433 – binaries: close – binaries: black holes – stars:
emission lines – stars: outflows
1 INTRODUCTION
Long-term optical, X-ray and radio studies of the micro-
quasar SS433 have suggested that this unique Galactic ob-
ject is a high-mass eclipsing X-ray binary at advanced evo-
lutionary stage (Margon et al. 1979; Cherepashchuk 1981;
Fabrika 2004). In SS433, a supercritical accretion disc and
relativistic jets precessing with a period of Pprec ' 162d.3 are
observed. A recent analysis of the 40-years optical data on
Doppler shifts of moving Hα emission lines (Cherepashchuk
et al. 2018a) revealed that the precessional, nutational and
orbital periods of SS433 are on average stable over 40 years.
The SS433 binary system is completing the secondary mass
transfer stage after which a WR+C binary should be formed
(C here means the relativistic compact object). However,
at odds with predictions of the standard theory of evolu-
tion of massive close binaries (Massevich & Tututkov 1988),
no common envelope has been formed in the system, and
the excess of mass, energy and angular momentum is car-
ried away from the binary system by a powerful stellar
wind ( ÛM ≈ 10−4M yr−1, v ' 1500 km s−1 ) launched from
the precessing accretion disc, as well as by relativistic jets
( ÛM ≈ 10−6 − 10−7M yr−1, v ' 0.26c).
Recently, important details of the high-mass close bi-
nary evolution have been recognized enabling us to better
understand this unique feature of SS433 (van den Heuvel
et al. 2017; Pavlovskii & Ivanova 2015; Pavlovskii et al.
2017). According to van den Heuvel et al. (2017), the com-
mon envelope in a massive X-ray binary can form if the
component mass ratio q = Mx/Mv . 0.29 (Mx and Mv is the
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mass of the relativistic and optical component, respectively).
In the opposite case, q & 0.29, the common envelope is not
formed and the binary system evolves as a semi-detached
one with a steady mass transfer from the Roche-lobe fill-
ing optical star forming a supercritical accretion disc with
powerful stellar wind outflow, like in SS433.
The stability of mass transfer through the vicinity of the
inner Lagrangian point L1 was investigated in several papers
(see, for example, Pavlovskii & Ivanova (2015); Pavlovskii
et al. (2017)). It was shown that for massive donors with
radiative envelopes in high-mass X-ray binaries and provided
that Mx & 0.29Mv, the mass transfer through L1 is stable.
In this case, the optical star can remain for a long time
in the state of significant overfilling of its Roche lobe, and
the matter from the star can be lost through both inner L1
and outer L2 Lagrangian points. The effective photosphere
radius of the optical star can significantly exceed that of
its mean Roche lobe. In the case of SS433, this enables an
anomalously large width of the X-ray (2-10 keV) eclipse of
relativistic jets (Kawai et al. 1989; Kotani et al. 1996) to
be explained with a relatively large binary mass ratio q.
Thus, determination of the binary mass ratio in SS433 is
very important to understand the evolution of this unique
Galactic system.
A surprising feature of SS433 is the stability of the or-
bital binary period (see Fabrika (2004), Cherepashchuk et al.
(2018b) (Paper I)), which suggests a high binary mass ra-
tio q & 0.6. Recent spectrophotometric and astrometric ob-
servations of SS433 by the GRAVITY VLT interferometer
with an angular resolution of better than one milliarcsecond
(Waisberg et al. 2018) enabled sky mapping of the region
of the double-peak Brackett Br−γ emission line in the IR-
spectrum of the system. These direct observations proved,
for the first time, that these emission lines are not gener-
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ated in the accretion disc around the compact object but
are produced in the circumbinary disc-like shell around the
binary system. It is also proved that the broad component
of these double-peak emission lines in SS433 is produced
by the stellar wind outflow from the supercritical accretion
disc. Therefore, the conclusion of our Paper I, in which a
complex model of the formation of Brackett emission line
profiles was suggested (double-peak component – in the cir-
cumbinary shell, broad lines – in the supercritical accretion
disc wind) is now supported by direct observations.
According to Waisberg et al. (2018), the circumbinary
shell around SS433 demonstrates a super-Keplerian motion
with a significant radial velocity component, apparently sug-
gesting a replenishment of the rotating shell by matter from
the supercritical accretion disc wind outflow with a velocity
of ∼ 1000 km s−1 .
In Paper I, we estimated the binary mass ratio in SS433
q & 0.6 from the observed constancy of the binary orbital
period using the model of isotropic mass re-emission for the
supecritical accretion disc wind and assuming an additional
mass loss from the system through the outer Lagrangian
point L2. As the geometry and structure of Brackett emis-
sion line region is now established from the GRAVITY VLTI
observations (Waisberg et al. 2018), we are able to obtain a
more reliable binary mass ratio estimate in SS433 from the
observed constancy of the binary orbital period: q & 0.6.
This new estimate is consistent with conclusions of van den
Heuvel et al. (2017) on the absence of common envelope in
SS433 and confirms the status of SS433 as a semi-detached
high-mass X-ray binary with stable mass transfer onto a
massive compact object. Note that a high mass of the com-
pact object in SS433 was also independently obtained in the
recent paper by Bowler (2018).
When estimating the mass of the relativistic object in
SS433 one should bear in mind that the distance to the sys-
tem is well known, d = 5.5 kpc (Blundell & Bowler 2004),
and the total absorption in the direction to SS433 in the op-
tical is Av ' 8m (Cherepashchuk et al. 1982; Margon 1984).
Using this information, from the visible stellar magnitude
of SS433 and by fixing the fraction of the optical emission
from the supercritical accretion disc (∼ 0.6 − 0.7, Hillwig &
Gies (2008)), it is possible to estimate the mass of the op-
tical component, which, according to Goranskij (2011), falls
within the range Mv = 8.3 − 12.5M, corresponding to the
spectral class A4I-A8I. An upper mass limit of the optical
component in SS433 can be set at MV = 15M. Therefore,
the binary mass ratio q > 0.6 implies the mass of the rela-
tivistic compact star to be Mx = qMv > (5 − 9)M, i.e. the
compact star in SS433 must be a black hole.
2 A NEW ESTIMATE OF THE BINARY MASS
RATIO IN SS433
Like in Paper I, consider the following model of mass flows in
SS433. We will assume a circular binary with orbital separa-
tion a. Let the mass-loss rate from the optical star Mv be ÛMv,
the total mass of the system be M = Mv+Mx = Mv(1+q), the
mass accreted by the compact object be 0, the mass outflow
from the supercritical accretion disc via the Jeans mode (i.e.
with the specific orbital angular momentum of the accretor)
be β ÛMv, β ≤ 1, and the mass outflow from the system in a
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Figure 1. Constraints on the mass ratio of SS433 for different
values of the mass-loss rate ÛMv = 10−4 and 10−5M yr−1 (intervals
restricted by the solid and dashed lines, respectively), for the
fiducial value of the dimensionless parameter K = 5. The dashed
horizontal line shows the solution of the quadratic equation 3q2 +
2q−1 = 0 corresponding to ÛPb = 0 at β = 1 (only Jeans mode mass
outflow) independently of the mass-loss rate.
circumbinary shell be (1− β) ÛMv. Then from the angular mo-
mentum conservation we obtain the equation for the change
of the binary separation (see Paper I):
Ûa
a
= −2
(
1 − 1
2
Mv
M
) ÛMv
Mv
+ 2β
Mv
Mx
ÛMv
M
+ 2(1 − β)
(
dJ
dt
)
out
J
, (1)
where J = (MxMv/M)
√
GMa is the orbital angular momen-
tum of the binary. Conservative mass transfer corresponds
to β = 0 and dJ = 0, and in the non-conservative case
(dJ/dt)out/J specifies the additional orbital angular momen-
tum loss by the mass escaping the binary in the outer shell.
In Paper I, we have assumed a model for the term
(dJ/dt)out/J with mass-loss carrying the specific angular mo-
mentum corresponding to that at the outer Lagrangian point
L2 (see, e.g., Soberman et al. (1997)). New measurements
(Waisberg et al. 2018) enable us to specify this term directly
from observations. Indeed, this term can be represented in
the form(
dJ
dt
)
out
= (1 − β) ÛMvvφ(Rout)Rout , (2)
where vφ(Rout) is the tangential component of the outflow
velocity at the outer radius of the circumbinary shell Rout.
Therefore, the last term in Eq. (1) takes the form:
2(1 − β)
(
dJ
dt
)
out
J
= 2
ÛMv
Mv
M
Mx
(1 − β)vφ(Rout)Routω1/3
(GM)2/3 , (3)
where ω = 2pi/Pb is the orbital angular frequency and we
have used the 3rd Kepler’s law to express the orbital sepa-
ration through ω.
Changing from Ûa/a to ÛPb/Pb with the help of the 3rd
Kepler’s law and substituting Mx = qMv, M = Mv(1 + q), we
ultimately arrive at the equation for the fractional change
of the binary orbital period (cf. Eq.(7) in Paper I):
ÛPb
Pb
= −
ÛMv
Mv
3q2 + 2q − 3β − 3K(1 − β)(1 + q)5/3
q(1 + q) . (4)
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Figure 2. Expected change in the orbital period of SS433 (in
days) as a function of the mass ratio q (Eq. (4)) over a 30-yr pe-
riod. Shown is the limiting case of purely Jeans mode outflow (β =
1) and the case of additional 10% mass-loss (β = 0.9) via the cir-
cumbinary shell parametrized by the parameter K = 5 and K = 2
(Eq. (6)) for the assumed total mass-loss rate ÛMV = 10−4M yr−1.
Two parallel lines show the boundaries ∆Pb = ±3σP = 0d.00021
derived from observations.
Here the dimensionless coefficient K specifying the angular
momentum loss via circumbinary disc reads
K =
vφ(Rout)Rout
(GMv)2/3
(
2pi
Pb
)1/3
. (5)
Taking the orbital period Pb = 13d.1 and normalizing vφ
and Rout to the characteristic values 220 km s−1 and 0.7 mas
(see Table 3 in Waisberg et al. (2018), the ’outflow’ model
favoured by the authors), we obtain
K ≈ 5.1
(
vφ(Rout)
220 km s−1
) (
Rout
0.7mas
) (
Mv
15M
)−2/3
. (6)
The large value of K (cf. x ' 1 in Eq. (7) of Paper 1)
is very unusual. Indeed, taking at face value, this suggests
a strong increase of the specific angular momentum in the
outflow compared to the orbital value. The physical mecha-
nism for that, as the authors Waisberg et al. (2018) stress,
remains unknown. Moreover, the circumbinary outflow in
SS433 is observed to be highly variable. Nevertheless, in our
analysis below we use K = 5 as a fiducial value.
Acting exactly in the same way as in Paper I, from
the observed stability of the orbital period of SS433 over
∆t ∼ 28 years, | ÛPb | ≤ 3 × σP/∆t, where σP = 0d.00007 is
the uncertainty in the SS433 orbital period determination
(Goranskij 2011), and assuming the optical star mass Mv =
15M with the mass-loss rate ÛMv = 10−4M yr−1, in Figure
1 we plot the constraints on the binary mass ratio in SS433
q for K = 5, as a function of the parameter β.
Clearly, even a tiny fraction of the total mass loss via
the circumbinary shell, 1 − β ' 0.01, places a mass ratio
constraint q & 0.6 in SS433. In view of high sensitivity of
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Figure 3. Binary mass ratio q corresponding to the radial orbital
velocity of the compact object (Eq. (7)) as required to reproduce
observed HeII velocity amplitude VHeII = 168 ± 18 km s−1 .
this estimate to the amount of matter outflow through the
circumbinary shell, it is important to independently evaluate
(1 − β) ÛMv. For example, the estimate of the disc-like mass
outflow rate from radio observations (Blundell et al. 2001)
suggests ÛMout ∼ 0.18 × 10−4M yr−1 (see their Eq. 1) for the
source distance d = 5.5 kpc and the outflow radial velocity
at the radio optically thick distance ∼ 1015 cm of about
∼ 230 × (3.5/60) ' 14 km s−1 (assuming the law 1/r for the
outflow velocity as in Waisberg et al. (2018)). Therefore,
a few percents of the total mass loss rate from the system
are quite possibly being ejected via the circumbinary shell
outflow.
In Figure 2 we plot the expected change in the orbital
period of SS433 (in days) over a 30-yr time interval as a
function of the mass ratio q calculated directly by formula
eq. (4) for the limiting case of purely Jeans mode outflow
(β = 1) and the case of additional 10% mass-loss (β = 0.9)
via the circumbinary shell parametrized by the angular mo-
mentum loss parameter K = 5 and K = 2 (see Eq. (6)). Two
parallel lines show the boundaries ∆Pb = ±3σP = 0d.00021.
Clearly, in all cases the binary mass ratio cannot be smaller
than qmin ∼ 0.6.
3 DISCUSSION AND CONCLUSION
In the present paper, we have re-analyzed the mass ratio
constraints in SS433 imposed by the observed stability of
the binary orbital period Pb over ∼ 30 yr period of obser-
vations (Goranskij 2011) with taking into account the new
GRAVITY VLTI result on the observed mass-loss through
the circumbinary shell in this system (Waisberg et al. 2018).
This analysis strengthens our previous conclusion (see Paper
I) that the binary mass ratio q = Mx/Mv in SS433 is likely
to be q & 0.6. The result is very sensitive to the (unknown)
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fraction of the mass-loss from the system via the circumbi-
nary shell, the factor (1−β) in Eq. (4). Extant measurements
carried out at different epochs suggest strong variability of
both the mass-loss rate and geometry of the outflow (Grav-
ity Collaboration et al. 2017; Waisberg et al. 2018). In spite
of these uncertainties, even with a tiny or zero average mass-
loss rate via circumbinary disc, the observed orbital period
stability over about 30 years strongly points to a high binary
mass ratio. It is also important to stress that irrespective of
details, the angular momentum transfer from the binary sys-
tem through a circumbinary shell or a mass-loss through L2
point (or both) only increase the mass ratio estimate.
An independent constraint on the binary mass ratio can
be obtained from the observed radial velocity amplitude of
HeII emission lines. The radial orbital velocity of the com-
pact object in SS433 for the mean binary inclination i = 79◦
(Cherepashchuk et al. 2018a) reads
Vx sin i ≈ 219[km s−1]
(
Mv
15M
)1/3
(1 + q)−2/3 . (7)
The observed radial velocity variations as measured by HeII
emission lines, VHeII = 168±18 km s−1 (Hillwig et al. 2004), if
interpreted as being purely due to the orbital motion of the
compact object, requires the binary mass ratio q as shown
in Fig. 3. Clearly, within the measurement errors, the values
q & 0.6 inferred above can be accommodated for the optical
component mass MV & 12M. For smaller masses, a contro-
versy with the apparent lack of change of the binary orbital
period would arise, even for insignificant mass loss through
the circumbinary disk (1 − β ' 0). However, one should be
careful in using HeII emission lines as a proxy for the orbital
motion of the compact object because of their complicated
formation in the inhomogeneous wind outflow (see, e.g., dis-
cussion and references in Robinson et al. (2017)).
The mass of the optical component in SS433 remains
also debatable. Indeed, the interstellar absorption in the di-
rection to SS433, AV ≈ 8m, is very large and is estimated
with significant errors, and the contribution of the accre-
tion disc to the total optical luminosity of SS433 is also
derived spectrophotometrically with significant uncertainty.
Thus the mass estimate of the optical component from its
bolometric luminosity is not very reliable. In addition, as
noted by Bowler (2010, 2011), the absorption lines in SS433
spectrum can arise in the circumstellar shell and not in the
optical star atmosphere, therefore the spectral classification
and mass of the optical star can be questionable.
We also note that the derived lower limit on the mass ra-
tio in SS433 q & 0.6 pointing to a higher mass of the optical
star (see Fig. 3) contradicts to the optical star’s radial veloc-
ity curve based on its classification as an A supergiant (Hill-
wig et al. 2004; Kubota et al. 2010) and suggesting q . 0.3.
Clearly, here more studies are required.
We stress that the observed highly unstable character
of the outflow parameters in SS433 (see e.g. Blundell et al.
(2011)) does not allow us to infer a more accurate estimate.
Further observations can be helpful to put more precise lim-
its on the binary mass ratio in this system. Nevertheless,
even at the present stage of knowledge of the system parame-
ters, the obtained binary mass ratio lower limit q & 0.6 seems
to be quite robust, placing the compact object in SS433 in
the realm of Galactic stellar-mass black holes.
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